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Progress  in  Heterostructure  Barrier  Varactor 
Frequency  Multipliers 

Jan  Stake,  Mattias  Ingvarson,  Lars  Diliner,  and  Erik  Kollberg 


Abstract  - The  Heterostructure  Barrier  Varactor  diode  and 
its  performance  as  a varactor  frequency  multiplier  is 
reviewed. 

I.  Introduction 

The  Heterostructure  Barrier  Varactor  (HBV)  diode  which 
was  introduced  about  ten  years  ago,  Kollberg  and 
Rydberg  [1,  2],  is  a strong  candidate  for  high  power 
frequency  multipliers  at  millimetre  and  submillimetre 
wave  frequencies.  Since  the  HBV  has  a symmetric 
capacitance-voltage  (C-V)  characteristic,  it  operates 
unbiased  and  will  only  produce  odd  harmonics  when 
pumped  with  power  at  the  fundamental  frequency,  j . The 
absence  of  even  harmonics  simplifies  the  realisation  of 
higher  order  multiplier  circuits.  For  the  tripler  case,  it  is 
possible  to  build  a multiplier  circuit  considering  the  pump 
frequency  and  the  output  frequency  only.  As  a result  of 
the  simplified  circuit,  design  of  frequency  triplers  and 
quintuplers  operating  over  a wider  frequency  range  is 
possible.  An  important  advantage  of  the  HBV  diode 
compared  to  the  Schottky  varactor  diode  is  that  several 
barriers  can  be  epitaxially  stacked,  which  increases  the 
power  handling  capability  considerably,  Krishnamurthi  et 
al  [3]  and  Rahal  et  a[  [4],  Hence,  an  HBV  diode  can  be 
tailored  for  a certain  application  in  terms  of  both 
frequency  and  power  handling  capability. 

Recently,  HBVs  have  been  fabricated  on  a copper 
substrate  to  improve  their  heat  sinking  capability  [5]. 
These  devices  can  be  designed  to  handle  at  least  one  Watt 
of  input  power  and  yet  maintain  the  device  temperature 
below  100°C.  For  a single  twelve-barrier  HBV,  a realistic 
conversion  efficiency  of  10%  is  expected,  thereby 
providing  output  power  in  the  region  of  100  mW  at  250 
GHz.  This  could  then  be  used  to  drive  an  HBV  quintupler 
to  provide  milliwatt  levels  of  power  at  THz-frequencies. 

II.  Material  Systems 

The  HBV  consists  of  a high  bandgap  semiconductor 
sandwiched  between  low  bandgap  semiconductors.  The 
high  bandgap  material  (barrier)  prevents  electron 
transport  through  the  structure.  When  the  structure  is 
biased,  electrons  are  accumulated  on  one  side  of  the 
barriers  and  depleted  on  the  other  side  of  the  barriers.  The 
resulting  C-V  is  shown  in  Fig.  1.  It  is  necessary  that  the 
barrier  material  and  the  depletion  layer  material  have 
almost  the  same  lattice  constants  to  avoid  lattice 
dislocations  and  inferior  performance.  However,  it  is 
possible  to  grow  dislocation  free  layers  with  a small 
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lattice  mismatch  if  the  layers  are  thinner  than  a critical 
thickness.  The  first  HBV  diode  was  realised  using 
GaAs/Alo.7GaAs  grown  on  GaAs  [2],  The  GaAs/AlGaAs 
material  system  is  well  characterised  and  relatively 
simple  to  process.  A drawback  with  this  device  is  the 
comparatively  large  conduction  current  due  to  a low 
conduction  band  offset  and,  hence,  a corresponding  low 
barrier  height.  The  conduction  current  deteriorates  the 
efficiency.  It  has  also  been  shown  that  the  temperature 
increases  when  the  diode  is  pumped,  which  further 
increases  the  conduction  current  and  leads  to  an  even 
lower  efficiency,  Stake  et  a[  [6]. 

The  material  system  Ino^GaAs/Ino^AlAs  grown  on  InP 
offers  a larger  conduction  band  offset,  which  results  in  a 
lower  conduction  current  and  an  improved  varactor 
performance.  It  is  also  possible  to  increase  the  effective 
barrier  height  even  further  if  a thin  layer  of  AlAs  is 
inserted  in  the  middle  of  the  barrier.  It  is  very  difficult  to 
grow  thick  epilayers  of  high  quality  on  InP  by  MBE. 
Thick  epilayers  are  needed  for  planar  HBVs,  since  they 
use  thick  buried  contact  layers,  and  for  HBVs  with  a 
large  number  of  barriers.  However,  it  has  recently  been 
shown  that  very  good  HBV  material  can  be  grown  by 
MOVPE,  Strupinski  et  aj  [7].  A material  grown  by 
MOVPE  is  presented  in  Table  I.  The  structure,  originally 
designed  for  planar  devices,  is  similar  to  HBV  materials 
grown  by  MBE,  but  with  larger  undoped  spacer  layers  to 
prevent  diffusion  of  silicon  into  the  barrier  layers. 

A lower  doping  concentration  in  the  depletion  layers 
results  in  a higher  breakdown  voltage  and  a low 
minimum  capacitance.  Typically  a current  density  < 0.1 
pA/pm2  is  required  for  good  efficiency,  yielding  a 
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Fig.  1.  Current  density  versus  voltage  and  C-V 
characteristics  for  a six-barrier  HBV  (ITME 
1817). 

maximum  voltage  of  8 V per  barrier  for  jqd  = 3-1016  cm'3 
in  the  depletion  layers.  A drawback  with  a low  doping 
concentration  is  that  it  results  in  a high  resistivity  which 
increases  the  losses  and  decreases  the  dynamic  cut-off 
frequency.  MOVPE  material  is  now  equal  in  performance 
to  MBE  material,  Strupinski  et  a[  [7],  Lheurette  et  a[ 
[8]. 


III.  HBV  Design  and  Analysis 

For  a varactor  multiplier,  the  conversion  efficiency  is 
related  to  the  ratio  of  the  pump  frequency  and  the 
dynamic  cut-off  frequency  fc  = (Smtx  _ Smin  )/lnRs  > 
where  p is  the  series  resistance,  c and  c . are  the 
maximum  and  minimum  elastance  during  a pump  cycle 
[9].  For  an  HBV  tripler,  the  maximal  conversion 
efficiency  can  be  estimated  from  the  following  empirical 
expression  [10]: 
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How  to  calculate  corresponding  optimal  embedding 
impedances,  input  power,  and  theoretical  limit  of  the 
bandwidth  was  presented  by  Stake  et  a\  [10].  To 
maximise  the  efficiency,  the  above  dynamic  cut-off 
frequency  should  be  maximised.  Thus,  optimum 
performance  is  a trade-off  between  maximum  elastance 
swing  and  series  resistance.  The  maximal  extension  of 
the  depleted  region  is  determined  by  the  maximum 
electric  field  at  breakdown  or  the  effect  of  current 
saturation  [11,  12].  Hence,  the  maximum  elastance  swing 
is  determined  by  one  of  the  following  conditions: 

. depletion  layer  punch-through; 

# large  electron  conduction  across  the  barrier 
region  at  high  electric  fields; 

# large  electron  conduction  from  impact  ionisation 
at  high  electric  fields; 

, the  saturated  electron  velocity  in  the  material 
determines  the  maximum  length  an  electron  can 
travel  during  a quarter  of  a pump  cycle. 


Fig.  2.  Maximum  tripler  and  quintupler  efficiencies 
normalised  to  the  same  output  frequency. 


For  a given  application  (frequency  and  available  power) 
and  material  system,  it  is  possible  to  optimise  the  HBV 
layer  structure  in  terms  of  number  of  barriers,  length  and 
doping  concentration  of  depletion  layers,  see  reference 
[10]. 

It  is  interesting  to  compare  quintuplers  with  triplers  as 
power  sources  for  the  same  output  frequency.  A varactor 
diode  is  usually  dimensioned  from  the  output  impedance. 
Since  the  output  impedances  are  approximately  equal  for 
triplers  and  quintuplers,  triplers  and  quintuplers  with  the 
same  diode  capacitance  can  be  compared.  Referring  to 
Figure  2 it  is  shown  that  the  maximum  efficiencies  are 
almost  equal,  except  for  output  frequencies  near  the 
dynamic  cut-off  frequency.  This  indicates  that 
quintuplers  have  an  advantage  over  triplers,  since  they 
use  a lower  input  frequency  where  more  powerful  sources 
are  available.  The  circuit  is  more  complicated  for 
quintuplers  since  the  impedance  at  the  idler  frequency  has 
to  be  optimised. 

As  discussed  previously,  the  conduction  current  is  a 
strong  limiting  factor  for  the  conversion  efficiency.  The 
small  signal  conductance  is,  as  the  capacitance,  voltage 
dependent.  If  the  ratio  Gmax/(Cmino>p)  < 0-1-  the 
conductance  current  will  not  deteriorate  the  efficiency 
more  than  a few  tenths  of  a dB. 

Accurate  quasi-static  models  that  describe  the  voltage 
across  the  HBV  capacitance  and  the  conduction  current 
have  been  proposed  by  Dillner  et  aj  [13].  For  detailed 
HBV  analysis,  codes  combining  time-dependent 
numerical  device  analysis  with  frequency-domain 
harmonic-balance  analysis  can  be  used  [14,  15]. 


IV.  HBV  Frequency  Multipliers 

The  first  HBV  tripler  experiment  was  performed  in  a 
crossed-waveguide  mount.  The  single-barrier  GaAs/- 
AlGaAs  HBV  was  contacted  with  a whisker  wire, 
Rydberg  et  aj  [2].  A maximum  output  power  of  1 mW 
was  generated  at  225  GHz  and  the  peak  flange-to-flange 
efficiency  was  3.1  %. 
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more  than  10%  3-dB  bandwidth  and  7%  conversion 
efficiency. 


Fig.  3.  Planar  2x2-barrier  HBV  (NU2003J)  design. 


The  first  planar  GaAs/AlGaAs  HBV  diode  was  tested  in  a 
crossed- waveguide  frequency  tripler,  Jones  et  aj  [16].  A 
maximum  output  power  of  2 mW  was  generated  at  252 
GHz  and  the  peak  efficiency  was  2.5  % for  a four-barrier 
device.  Cooled  measurements  on  this  type  of  HBVs 
showed  an  improvement  in  efficiency  of  a factor  of  three 
[6],  To  reduce  the  effect  of  self-heating,  a planar  four- 
barrier  GaAs/AlGaAs  HBV  diode  with  an  improved 
diode  geometry  (Fig.  3)  was  fabricated.  4 mW  output 
power  and  4.8  % efficiency  was  obtained  at  an  output 
frequency  of  246  GHz,  Stake  et  a/  [17]. 

A planar  four-barrier  InGaAs/InAlAs  HBV  diode  was 
tested  in  a crossed-waveguide  frequency  tripler,  Melique 
et  al  [18].  A maximum  output  power  of  9 mW  was 
generated  at  250  GHz  and  the  peak  efficiency  was  12  %. 
This  is  the  best  HBV  multiplier  performance  obtained  so 
far. 

In  a new  design  the  InP  substrate  is  etched  away  and 
replaced  with  pure  copper,  Dillner  et  aj  [19].  This  offers 
not  only  a lower  series  resistance  but  also  an  improved 
thermal  heat  sink,  which  improves  the  power  handling 
capacity.  In  a recent  tripler  experiment  using  a crossed 
waveguide  mount,  Dillner  et  aj  [5]  (see  Fig.  4),  and  this 
new  diode,  a maximum  output  power  of  7.1  mW  was 
generated  at  221  GHz  with  a flange-to-flange  efficiency 
of  7.9%. 


Fig.  4.  HBVs  on  a copper  substrate  mounted  in  the 
output  waveguide.  The  three-barrier  HBV  is 
contacted  with  a planar  whisker. 

In  addition  to  the  crossed  waveguide  multiplier,  two  other 
HBV  multiplier  topologies,  Hollung  e/(7/  [20,  21],  have 
been  developed.  One  is  a broadband  distributed  HBV 
frequency  tripler  consisting  of  a finline  transmission  line 
periodically  loaded  with  15  HBV  diodes,  see  Fig.  5.  This 
frequency  tripler  uses  planar  diodes  with  two  barriers  and 
exhibits  10  mW  peak  radiated  power  at  130  GHz  with 


Wsvtguidt  Input:  N I00-|Un-thick  Quartz  Substrate 

£-band 


Fig.  5.  Non-linear  transmission  line  HBV  tripler 
consisting  of  two  tapered  slot  antennas  and  a 
finline  loaded  with  15  HBVs  on  a 100  pm-thick 
quartz  substrate. 


The  second  design  is  a quasi-optical  HBV  diode 
frequency  tripler  consisting  of  two  slot  antennas  loaded 
with  four  planar  FIBV  diodes  and  located  at  the  focal 
plane  of  a dielectric  lens,  Fig.  6.  The  quasi-optical  tripler 
demonstrates  a radiated  power  of  11.5  mW  and  a 
conversion  efficiency  of  about  8 %. 

Single  barrier  InGaAs/InAlAs  HBV  diodes  have  also 
been  tested  in  a crossed-waveguide  frequency  quintupler, 
Raisanen  et  aj  [22],  0.78  % efficiency  was  reported  at  an 
output  frequency  of  172  GHz. 


f0  - 47  GHz 


Slot  Antennas  / HBV  Diodes 
Qjartz  Substrate 

High-pass  Filter 
Alumna  Spacer 

Alumina  Lens 
(Diameter  - 2.54  cm) 


Fig.  6.  Quasi-optical  HBV  tripler.  The  circuit  consists 
of  two  slot  antennas  loaded  with  four  HBV 
diodes  and  located  at  the  focal  plane  of  a 
dielectric  lens. 


V.  Conclusion 

The  HBV  is  today  comparable  to  Schottky  varactors  in 
terms  of  conversion  efficiency,  I-V  and  C-V  predicts 
superior  power  handling  capability,  and  the  HBV  is  more 
suitable  for  high  order  frequency  multipliers.  The 
performance  of  planar  GaAs/AlGaAs  HBV  multipliers  is 
severely  reduced  due  to  self-heating.  This  problem  can  be 
solved  by  modifying  the  epitaxial  structure  to  increase  the 
barrier  height  and  by  improving  the  diode  heat  sink.  High 
efficiency  and  wide  bandwidth  HBV  triplers  have  been 
demonstrated.  We  predict  that  HBV  quintuples  will  be 
very  competitive  as  high  frequency  power  sources. 


143 


Acknowledgement 

The  authors  would  like  to  express  their 
acknowledgements  to  Dr.  Chris  Mann  (RAL),  Dr.  Stein 
Hollung,  Dr.  Stephen  Jones,  Dr.  Mohamed  Henini, 
Mahdad  Sadeghi  (CTH)  and  Dr.  Wlodek  Strupinski 
(ITME)  for  good  co-operation. 

References 

[1]  E.  L.  Kollberg  and  A.  Rydberg,  “Quantum-barrier-varactor  diode 
for  high  efficiency  millimeter-wave  multipliers,”  Electron  ie//  , 
vot.  25,  pp.  1696-1697,  1989. 

[2]  A.  Rydberg,  H.  Gronqvist,  and  E.  L.  Kollberg.  “Millimeter-  and 
Submillimeter-Wave  Multipliers  Using  Quantum-Barrier- 
Varactor  (QBV)  Diodes,”  /£££  Tram  Eleclron  Devices,  vol.  11, 
pp.  373-375,  1990. 

[3]  K.  Krishnamurthi,  R.  G.  Harrison,  C.  Rogers,  J.  Ovey,  S.  M. 
Nilsen,  and  M.  Missous,  “Stacked  Heterostructure  Barrier 
Varactors  on  InP  for  Millimeter  Wave  Triplers,”  presented  at 
Fifth  International  Symposium  on  Space  Terahertz  Technology, 
1994. 

[4]  A.  Rahal,  R.  G.  Bosisio,  C.  Rogers,  J.  Ovey,  M.  Sawan,  and  M. 
Missous,  “A  W-Band  Medium  Power  Multi-Stack  Quantum 
Barrier  Varactor  Frequency  Tripler,”  /£££  Microwave  Guided 
Wave  Lett.- vo1  5-  PP-  368-370,  1995. 

[5]  L.  Dillner,  W.  Strupinski,  S.  Hollung,  C.  Mann,  J.  Stake,  M. 
Beardsley,  and  E.  Kollberg,  “Frequency  Multiplier 
Measurements  on  Heterostructure  Barrier  Varactors  on  a Copper 
Substrate,”  Electron  Device  Letters,  vol.  21,  pp.  206-208,  2000. 

[6]  J.  Stake,  L.  Dillner,  S.  H.  Jones,  C.  M.  Mann,  J.  Thornton,  J.  R. 
Jones,  W.  L.  Bishop,  and  E.  L.  Kollberg,  “Effects  of  Self-Heating 
on  Planar  Heterostructure  Barrier  Varactor  Diodes,”  [EEE  frans 

on  Electron  Devices - vo1-  45’  PP-  2298-2303,  1998. 

[7]  W.  Strupinski,  J.  Sass,  L.  Dillner,  K.  Kosiel,  R.  Jakiela,  J.  Stake, 
and  M.  Ingvarson,  “MOVPE  strain  layers  - growth  and 
application,”  presented  at  The  Tenth  International  Conference  on 
Metalorganic  Vapor  Phase  Epitaxy,  Japan,  2000. 

[8]  E.  Lheurette,  P.  Mounaix,  P.  Salzenstein,  F.  Mollot,  and  D. 
Lippens,  “High  Performance  InP-based  Heterostructure  Barrier 
Varactors  in  Single  and  Stack  Configuration,”  Electronics 
Letters’  vo'-  32.  PP-  1417-1418,  1996. 

[9]  L.  Dillner,  J.  Stake,  and  E.  L.  Kollberg,  “Analysis  of  Symmetric 
Varactor  Frequency  Multipliers,"  Microwave  0pt.  Techno!.  Lett.- 
vol.  15,  pp.  26-29,  1997. 

[10]  J.  Stake,  S.  H.  Jones,  L.  Dillner,  S.  Hollung,  and  E.  Kollberg, 
“Heterostructure  Barrier  Varactor  Design,”  /£££  Transaction 

on 

Microwave  Theory  and  Techniques'  vo*-  4^’  2000. 

[11]  J.  T.  Louhi  and  A.  V.  Raisanen,  “On  the  Modeling  and 
Optimisation  of  Schottky  Varactor  Frequency  Multipliers  at 
Submillimeter  Wavelengths,  IEEE  Trans.  Microwave  Theory 
Tech.-  vo1-  43’  PP-  922-926,  1995. 

[12]  E.  L.  Kollberg,  T.  J.  Tolmunen,  M.  A.  Frerking,  and  J.  R.  East, 
“Current  Saturation  in  Submillimeter  Wave  Varactors,"  jEEE 

Trans.  Microwave  Theory  Tech.-  voL  40-  PP-  831-838,  1992. 

[13]  L.  Dillner,  J.  Stake,  and  E.  L.  Kollberg,  “Modeling  of  the 
Heterostructure  Barrier  Varactor  Diode,”  presented  at  1997 
International  Semiconductor  Device  Research  Symposium, 
Charlottesville,  1997. 

[14]  J.  R.  Jones,  G.  B.  Tait,  S.  H.  Jones,  and  S.  D.  Katzer,  “DC  and 
Large-Signal  Time-Dependent  Electron  Transport  in 
Heterostructure  Devices:  An  Investigation  of  the  Heterostructure 

Barrier  Varactor,  /£££  Trans.  Electron  Devices-  vo*-  4^-  PP- 
1393-1403,  1995. 

[15]  J.  Stake,  S.  H.  Jones,  J.  R.  Jones,  and  L.  Dillner,  “Analysis  of 
Carrier  Transport  in  a Heterostructure  Barrier  Varactor  Diode 
Tripler,"  presented  at  1997  International  Semiconductor  Device 
Research  Symposium,  Charlottesville,  1997. 

[16]  J.  R.  Jones,  W.  L.  Bishop,  S.  H.  Jones,  and  G.  B.  Tait,  “Planar 
Multi-Barrier  80/240  GHz  Heterostructure  Barrier  Varactor 

Triplers,  jeee  Trans.  Microwave  Theory  Tech.-  vo'-  4^’  PP- 
512-518,  1997. 

[17]  J.  Stake,  C.  M.  Mann,  L.  Dillner,  S.  H.  Jones,  S.  Hollung,  M. 
Ingvarson,  H.  Mohamed,  B.  Alderman,  and  E.  L.  Kollberg, 
“Improved  Diode  Geometry  for  Planar  Heterostructure  Barrier 
Varactors,”  presented  at  Tenth  International  Symposium  on 
Space  Terahertz  Technology,  Charlottesville,  VA,  1999. 


[18]  X.  Melique,  A.  Maestrini,  E.  Lheurette,  P.  Mounaix,  M.  Favreau, 
O.  Vanbesien,  J.  M.  Goutoule,  G.  Beaudin,  T.  Nahri,  and  D. 
Lippens,  “12%  Efficiency  and  9.5  dBm  Output  Power  from  InP- 
based  Heterostructure  Barrier  varactor  Triplers  at  250  GHz,” 
presented  at  IEEE-MTT  Int.  Microwave  Symposium,  Anaheim, 
1999. 

[19]  L.  Dillner,  J.  Stake,  and  E.  L.  Kollberg,  “Heterostructure  Barrier 

Varactors  on  Copper  Substrate,”  Electronics  Letters-  vo1-  35.  PP- 
339-340,  1999. 

[20]  S.  Hollung,  J.  Stake,  L.  Dillner,  M.  Ingvarson,  and  E.  L. 
Kollberg,  “A  Distributed  Heterostructure  Barrier  Varactor 

Frequency  Tripler,  /£££  Microwave  and  Guided  Wave  Letters' 
vol.  10,  pp.  24-26,  2000. 

[21]  S.  Hollung,  J.  Stake,  L.  Dillner,  and  E.  L.  Kollberg,  “A  141-GHz 
Integrated  Quasi-Optical  Slot  Antenna  Tripler,”  presented  at 
IEEE  AP-S  International  Symposium  and  USNC/URSI  National 
Radio  Science  Meeting,  Orlando,  1999. 

[22]  A.  V.  Raisanen,  T.  J.  Tolmunen,  M.  Natzic,  M.  A.  Frerking,  E. 
Brown,  H.  Gronqvist,  and  S.  M.  Nilsen,  “A  Single  Barrier 
Varactor  Quintupler  at  170  GHz,”  /£££  Tran,  Microwave 
Theory  Tech  - vo>-  43«  PP-  685-688,  1995. 


144 


